Background: Caveolin-1 regulates cellular antioxidant capacity, but mechanisms remain unknown. Results: Caveolin-1 interacts with Nrf2 and suppresses its transcriptional activity and down-regulates cellular antioxidant enzymes. Conclusion: Caveolin-1 regulates cellular antioxidant capacity through interaction with Nrf2. Significance: Clarifying how caveolin-1 regulates cellular antioxidant capacity and identifying a novel target to establish the contribution of oxidative stress to human pathologies.
tion of the resembling Cav-1 binding motif on Nrf2 effectively attenuated their interaction, which exhibited higher transcription activity and induced higher levels of antioxidant enzymes relative to the wild-type control. Altogether, these studies clearly demonstrate that Cav-1 inhibits cellular antioxidant capacity through direct interaction with Nrf2 and subsequent suppression of its activity, thereby implicating in certain oxidative stress-related human pathologies.
Oxidative stress has been known to play an important role in the pathogenesis of certain human diseases such as neurodegeneration, arthrosclerosis, and oxidative lung injury (1) . Endogenous antioxidant systems consist of a number of proteins or enzymes, and small molecules (e.g. vitamin E and glutathione, GSH), which cope with oxidative stress and maintain the redox environment of the body (2) . The biosynthesis of GSH is catalyzed by glutamate cysteine ligase (GCL), 4 which is a heterodimeric protein composed of a rate-limiting catalytic (GCLC) and another modifier subunit (3, 4) . Variability in GCL expression is associated with several oxidative stress-related diseases (5) . Stress response proteins such as heme oxygenase (HO)-1 are also well known to be cytoprotective against various oxidant or pro-oxidant insults (6, 7) .
The transcription factor Nrf2 (nuclear erythroid 2 p45-related factor-2) represents a major inducible cellular and tissue defense against oxidative stress (8, 9) , which has been implicated as the central protein that interacts with the antioxidant response element to activate gene transcription constitutively or in response to an oxidative stress signal (10) . Under homeo-static conditions, Keap1 (Kelch-like ECH-associated protein 1) binds to Nrf2 and facilitates the degradation of Nrf2 via the proteasome system (11) . Upon stimulation, Nrf2 dissociates from its cytoplasmic inhibitor Keap1, translocates to the nucleus, and by heterodimerizing with a small Maf protein, transactivates the expression of antioxidant response elementdependent detoxifying genes, including HO-1, GCLC, and thioredoxin reductase 1 (12) (13) (14) .
Caveolae are 50-to 100-nm omega-shaped invaginations of the cell surface plasma membrane that are enriched in glycosphingolipids and cholesterol (15) (16) . Caveolae occur in a variety of cell types, including epithelial, endothelial cells, fibroblasts, smooth muscle cells, and adipocytes. Caveolin-1 (Cav-1), a 21-24-kDa protein, is a major resident scaffolding protein constituent of caveolae that participates in vesicular trafficking and signal transduction events (15, 16) . This molecule has been known to interact with various pathophysiologically important molecules such as inflammatory regulator Toll-like receptor 4 (17), apoptotic factors Fas and survivin (18, 19) , and autophagy molecule LC3B (20, 21) . It has been reported recently that deletion of Cav-1 protects against hyperoxia-induced oxidative lung injury via up-regulation of HO-1 (22) . Expression of HO-1 was elevated markedly in lung tissue or fibroblasts from Cav-1 (Ϫ/Ϫ) mice, and hyperoxia induced the physical interaction between cav-1 and HO-1 which resulted in attenuation of HO activity (22) . Volonte and Galbiati (23) also have found that Cav-1 could interact with thioredoxin reductase 1 and suppress its activity, and deletion of Cav-1 by siRNA increased the dimeric expression of thioredoxin reductase 1. These studies suggest that Cav-1 plays an important role in regulation of cellular antioxidant capacity.
It is reasonable that Cav-1 physically interacts with the antioxidant proteins and therefore suppresses their enzyme activity; however, how Cav-1 regulates the expression of these proteins remains unclear. As we have found that both HO-1 and thioredoxin reductase 1 could be transcriptionally regulated by the same transcription factor Nrf2 (14), we hypothesized that Cav-1 might regulate the expression of these antioxidant enzymes through regulation of Nrf2 activity. In the present study, we indeed demonstrated that Cav-1 interacted with the Keap1-Nrf2 system and suppressed the transcription activity of Nrf2, thereby regulating the expression of cellular antioxidant enzymes such as GCLC and HO-1 and subsequent cellular antioxidant capacity.
EXPERIMENTAL PROCEDURES
Cell Culture and Cell Viability Assay-Beas-2B lung epithelial cells were purchased from American Type Culture Collection (ATCC, CRL-9609 TM ), and mouse lung fibroblasts were isolated from wild-type C57BL6 or Cav-1 knock-out mice (The Jackson Laboratory, 004585) as described previously (24, 25) . All cells were maintained in DMEM containing 10% fetal bovine serum and antibiotics. Compound 4-hydroxynonenol (4-HNE) was obtained from Calbiochem (393204). For determination of cell viability, Beas-2B cells were seeded at a density of 1 ϫ 10 4 cells per well into a 96-well culture dish, and the conventional 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (Bio-Basic, Inc., 298-93-1) reduction assay was used as reported previously (13, 14) .
Transfection of siRNA and cDNA-Human Cav-1 siRNA was purchased from Dharmacon (L-003467-00), and the Cav1-mRFP (14434) and pcDNA3-EGFP-Nrf2 (21549) were obtained from Addgene. The mutant derivative of Nrf2 was performed using the QuikChange II site-directed mutagenesis kit (Stratagene, 200555), following the manufacturer's instructions. All siRNA and cDNAs were transfected into Beas-2B cells by using Lipofectamine 2000 (Invitrogen, 11668019).
Hydrogen Peroxide Assay-The consumption of H 2 O 2 was examined using the hydrogen peroxide assay kit (Abcam). Beas-2B cells were plated at 3 ϫ 10 4 cells per well into a 24-well culture dish, and after treatment of H 2 O 2 for various time points, the culture supernatants were harvested for analysis of the H 2 O 2 concentration following the supplied protocol.
Isolation of Cytoplasmic and Nuclear Fractions-A nuclear extract kit (Active Motif, 40010) was used for isolation of the cytoplasmic and nuclear fractions in Beas-2B cells, and the quality of the isolation was confirmed by Western blot analysis of specifically distributed proteins.
Immunoprecipitation and Immunoblotting (Western Blot) Analyses-Immunoprecipitation and immunoblotting were performed essentially as described previously (24, 25) . Antibodies against Keap1 (sc-15246), Nrf2 (sc-722), GCLC (sc-28965), Lamin B (sc-373918), Hsp70 (sc-32239), and ␤-actin (sc-4778) were from Santa Cruz Biotechnology, Inc. The Cav-1 antibody was obtained from BD Transduction Laboratories (610406), and the HO-1 antibody was purchased from Stressgen (OSA-110). All blot images shown in the figures were representatives from at least three independent experiments.
Real-time Polymerase Chain Reaction (PCR)-Total RNA was extracted from cells using TRIzol (Invitrogen) according to the manufacturer's instructions and reverse-transcribed into cDNA using random hexamers and superscript II reverse transcriptase (Invitrogen). The relative levels of GCLC and HO-1 mRNA transcripts to control ␤-actin were determined by quantitative real-time PCR using the SYBR Green system (Takara) on a spectrofluorometric thermal cycler (iCycler; Bio-Rad).
Confocal Imaging Study-After treatment, cells were fixed with 4% paraformaldehyde and analyzed with the immunofluorescence staining protocol as described previously (20) . Samples were viewed with an Olympus Fluoview 300 confocal laser scanning head with an Olympus IX70 inverted microscope.
Luciferase Reporter Assay-The antioxidant response reporter kit was purchased from Qiagen (CCS-5020L) and the Dual-Luciferase reporter assay system was obtained from Promega (E1910). The assay was performed following the manufacturer's instructions.
Statistics-All data of at least three independent experiments are expressed as the mean Ϯ S.D. and analyzed by Student's t test. Values of p Ͻ 0.05 were considered to be statistically significant.
RESULTS

Effects of Cav-1 Depletion on Cellular Antioxidant Capacity-
As an initial experiment toward determining the role of Cav-1 in regulation of cellular antioxidant capacity, human bronchial epithelial Beas-2B cells were transfected with Cav-1 siRNA and then treated with 15 M of 4-HNE, an ␣,␤-unsaturated aldehyde, which has been shown to effectively disrupt the Keap1-Nrf2 complex and to induce expression of antioxidant enzymes at low concentrations without any appreciable cytotoxicity (14, 26 -28) . In Beas-2B cells, 4-HNE at Ͻ15 M also exhibited no considerable cytotoxicity (data not shown), but it significantly induced expressions of both mRNA transcripts (Fig. 1A ) and protein levels (Fig.  1B ) of HO-1 and GCLC, which were markedly higher in Cav-1 siRNA-treated cells relative to those in controls (Fig. 1, A and B) . The Nrf2 expression showed no considerable changes in the Cav-1 siRNA-treated cells (data not shown). Similar findings were also observed in Cav-1 knock-out fibroblasts, in which 4-HNE treatment also induced higher protein level of HO-1 and GCLC (Fig.  1C) . Consequently, the Cav-1 siRNA-treated Beas-2B cells and the Cav-1 knock-out fibroblasts were more resistant to H 2 O 2 -induced cell death (Fig. 1, D and E) . These data clearly demonstrated an increased antioxidant capacity in Cav-1 deficiency cells.
Effects of Cav-1 Overexpression on Cellular Antioxidant Capacity-We next sought to determine whether increases on Cav-1 expression could exert an adverse effect in context of oxidative injury. Interestingly, 4-HNE induced mRNA expression of HO-1 ( Fig. 2A) and GCLC (Fig. 2B) were attenuated effectively by Cav-1 mRFP overexpression in Beas-2B cells. As a result, these Cav-1 overexpressed cells were more susceptible to H 2 O 2 -induced cell death (Fig. 2C) , which was in agreement with the results from Cav-1 deficiency cells shown in Fig. 1 to ϳ50% within 1 h, which was further reduced to ϳ30% at 3 h but remained at the same levels until 24 h (supplemental Fig.  S1 ). The concentration of H 2 O 2 was decreased promptly to less than half within 15 min and completely consumed by 1 h (supplemental Fig. S2 ), which was in agreement with the cell viability results (supplemental Fig. S1 ). These data suggested that Beas-2B cells contain normal levels of antioxidant defenses at basal conditions, which are able to rapidly degrade the H 2 O 2 . However, the cells survived from H 2 O 2 appeared to be impaired on their proliferation capacity, with no considerable changes on the cell viability between 3 h and 24 h (supplemental Fig. S1 ).
Interactions between Cav-1 and Keap1-Nrf2 System-As the Keap1-Nrf2 system plays a central role in regulation of the levels of cellular antioxidants such as HO-1 and GCLC (12-14), we then explored the possible cross-talk between Cav-1 and the Keap1-Nrf2 system. Confocal imaging analysis demonstrated that these three proteins constitutively interacted with each other at basal conditions (Fig. 3A) , and these physical interactions were further confirmed by immunoprecipitation experiments (Fig. 3B) . Under stimulation of 4-HNE, the Keap1-Nrf2 complex was disrupted rapidly, as well as did the Cav-1-Keap1 interaction (Fig. 3B) . Interestingly, the association between Cav-1 and Nrf2 was enhanced slightly, rather than being disrupted by 4-HNE treatment (Fig. 3B) , suggestive of that when Nrf2 was liberated from Keap1 by 4-HNE stimulation, Cav-1 subsequently could capture certain amount of free Nrf2 to suppress its activity.
Kinetics of Cav-1-Nrf2 Interaction in Cytosol and Nucleus-The intriguing kinetics between Cav-1 and Nrf2 in whole cell lysate led us to further investigate their interaction in subcellular fractions. In general, the localization of Cav-1 is associated with the lipid rafts on plasma membrane, but in our experience, the cellular distribution of Cav-1 might be different in various cells. For example, we have observed that in human airway epithelial A549 cells, Cav-1 appeared to be localized predominantly on the plasma membrane, as the Cav-1 immunofluorescence formed a bright cycle on the cell surface but with less density in other areas (data not shown). However, in Beas-2B cells, as shown in Fig. 3A , Cav-1 was distributed not only on the plasma membrane but throughout the cells. Emerging evidence also has suggested that Cav-1 is localized in the nucleus in certain cell types (29 -32) . We were therefore interested in studying whether Cav-1 could interact with Nrf2 in nucleus of Beas-2B cells. To our surprise, we found that in Beas-2B cells almost half of Cav-1 was localized in nucleus (Fig.  4A) , which was not likely due to experimental contamination of nucleus isolation, as the distributions of lamin B, heat shock protein 70 (HSP70), and HO-1 were distinct in either cytosol or nucleus (Fig. 4A) . More interestingly, 4-HNE treatment significantly increased the Cav-1-Nrf2 association in cytosol, but this interaction was time-dependently decreased in nucleus (Fig.  4B) . The double Cav-1 bands in Fig. 4B might appear because Caveolin-1 has two isoforms, of which the ␤-isoform contains residues 32-178, resulting in a protein 3 kDa smaller in size (15, 33) . Confocal imaging studies further confirmed the complex kinetics of Cav-1-Nrf2 interaction (Fig. 4C) . The yellow color formed by Cav-1 and Nrf2 was increased in cytosol after 4-HNE treatment, whereas the white color around the nucleus area appeared to be deceased slightly by 4-HNE stimulation (Fig.  4C) . All of these findings strongly suggested that Cav-1 exhibited a suppressive effect on Nrf2 in both the cytosol and nucleus.
Regulation of Keap1-Nrf2 Interaction and Nrf2 Transcription Activity by Cav-1-To further investigate the mechanisms of Cav-1 in regulation of cellular antioxidant capacity, we next sought to examine the role of Cav-1 in Keap1-Nrf2 interaction and subsequent Nrf2 transcription activity. Interestingly, siRNA-dependent knockdown of Cav-1 eventually decreased the Keap1-Nrf2 interaction at basal level (Fig. 5A, left panels) , whereas overexpression of Cav-1 exhibited no appreciable effects on the Keap1-Nrf2 association (Fig. 5A, right panels) , indicating that Cav-1 at least in part mediates the Keap1-Nrf2 interaction at basic conditions. The antioxidant response element luciferase reporter assay revealed that the Nrf2 transcription activity was increased notably in Cav-1 siRNA-treated cells but was decreased significantly in cells overexpressed with Cav-1 mRFP (Fig. 5B) , which was completely in agreement with the results of the antioxidant gene expressions shown in Figs. 1  and 2 .
Mutation of the Cav-1-binding Motif on Nrf2 Influences Their Physical Interaction and Subsequent Cellular Antioxidant
Capacity-Proteins that bind to Cav-1 typically contain canonical Cav-1-binding motifs (CBMs), ⌽X⌽XXXX⌽ or ⌽XXXX⌽XX⌽, where ⌽ refers to an aromatic amino acid (Trp, Phe, or Tyr), and X is any nonaromatic amino acid, although proteins without such motifs also are capable of binding to Cav-1 (15, 20) . The primary structure of Nrf2 contains a sequence 281
FGDEFYSAFI
290 resembling a consensus CBM. To examine whether the CBM sequence on Nrf2 mediates the Nrf2-Cav-1 interaction, we generated amino acid substitution mutants of Nrf2 at position Tyr-286. Interestingly, the wildtype Nrf2 overexpression increased levels of Nrf2-Cav-1 were almost abolished by Y286A mutation (Fig. 6A) , an aromatic-tononaromatic amino acid substitution. Transfection of wildtype Nrf2 also increased the Keap1-Nrf2 interaction, but intriguingly, the mutation of CBM on Nrf2 further slightly increased the Keap1-Nrf2 association (Fig. 6A) . Furthermore, without Cav-1 binding, the Y286A mutation led to an increased transcription activity of Nrf2 relative to its wild-type control (Fig. 6B) , and subsequently, the cellular levels of antioxidants such as HO-1 were further enhanced in the Y286A-transfected cells (Fig. 6C) , and these cells were more resistant to H 2 O 2 -induced cytotoxicity (Fig. 6D) .
DISCUSSION
Cav-1 is the major structural component of caveolae, which exerts a variety of biological functions, including the regulation of cholesterol homeostasis, vesicular transport, proliferation, and apoptosis in a diversity of cell types (15, 16) . Recently, this molecule also has been implicated as a modulator of oxidative stress. Jin and co-workers have reported that Cav-1 knock-out mice exhibit higher resistance to hyperoxia-induced acute lung injury and oxidative cell death, through regulation of a variety of signaling molecules such as survivin (19) , Cyr61 (34), Fas and Bid (18) , and up-regulation of HO-1 (22) . Cav-1 also interacts with thioredoxin reductase 1 and suppresses its activity, and deletion of Cav-1 increases the dimeric expression of thioredoxin reductase 1 (23) . However, how Cav-1 regulates the expression of these antioxidant proteins remains unclear. Here, we clearly demonstrate that Cav-1 negatively regulates the expression of antioxidant enzymes through direct interaction with Nrf2 and subsequent suppression of its transcription activity in lung epithelial Beas-2B cells.
The typical Cav-1-protein interaction occurs through the scaffolding domain in Cav-1 and the CBM in target proteins (15) , such as endothelial nitric oxide synthase (35), Toll-like receptor 4 (17), and activin receptor-like kinase 1 (36) . We have observed recently that the autophagy protein LC3B contain an amino acid sequence very similar to CBM, and this resembling structure mediates the Cav-1-LC3B interaction (20) . In the present study, we also have found that Nrf2 contains such a similar CBM, which also mediates its interaction with Cav-1, as mutation of the CBM-like structure on Nrf2 effectively disrupts their association and subsequently enhances the cellular antioxidant capacity. Thus, activating Nrf2 pathways through its CDM mutation may represent an effective genetic approach against oxidative stress-induced damage.
The kinetics of Cav-1-Nrf2 interaction appears to be complicated in Beas-2B cells, as 4-HNE treatment time-dependently increased the Cav-1-Nrf2 interaction in cytosol but decreased their association in nucleus (Fig. 4B) . We have observed previ-ously that Cav-1 basically interacts with autophagic proteins LC3B and apoptotic factor Fas, and their interactions are disrupted under stimulation (20) , whereas interaction between Toll-like receptor 4 and Cav-1 is further enhanced by LPS treatment in macrophage (17) . Additional studies of subcellular trafficking of Cav-1 and Nrf2 in context of oxidative stress might be warranted. Nevertheless, the present study clearly demonstrates a unique and heretofore uncharacterized interaction of Cav-1 with Nrf2, with functional implications as one of the most apical regulatory events in oxidative stress signaling with respect to the downstream production of antioxidant enzymes.
It may be noteworthy that the interactions among Cav-1-Nrf2-Keap1 complex are various depending on the sources of Cav-1 and Nrf2. Cav-1 siRNA-treated Beas-2B cells displayed a markedly decreased Keap1-Nrf2 association at basic conditions (Fig. 5A) , suggestive of that endogenous Cav-1 may mediate, at least in part, the constitutive Keap1-Nrf2 interaction. However, overexpression of exogenous Cav-1 caused no considerable changes on the Keap1-Nrf2 association (Fig. 5A ) but further suppressed the Nrf2 transcription activity (Fig. 5B ) and downregulated the antioxidant gene expression (Fig. 2) , indicating that exogenous Cav-1 could also suppress endogenous Nrf2 activity without affecting the Keap1-Nrf2 association. Overexpression of wild-type Nrf2 significantly increased its interactions with both endogenous Cav-1 and Keap1, and mutation of CBM resembling structure on Nrf2 effectively prevented its interaction with Cav-1 but further enhanced its association with Keap1 (Fig. 6A) . These findings suggest that both Cav-1 and Keap1 function as important regulators that spontaneously interact with Nrf2 and try to suppress its activity. Furthermore, these data also indicate that the interaction between endogenous Keap1 and exogenous Nrf2 is no more mediated by endogenous Cav-1, although endogenous Keap1 also can effectively react with both exogenous Cav-1 and Nrf2 as demonstrated by the immunofluorescence staining (Fig. 3A) .
It might be also of interest to note that half of Cav-1 in Beas-2B cells is constitutively localized in the nucleus (Fig. 4A) . Cav-1 is often described as a plasma membrane protein; however, it already has been demonstrated that Cav-1 can be localized in the nucleus of ovarian carcinoma cells in association with nuclear matrix and chromatin (29) , of endothelial cells in association with receptors internalized through caveolae-mediated endocytosis (30, 31) , as well as of human diploid fibroblasts (32) . The endocytosis mechanism may clearly explicate the stimulation-induced Cav-1 nucleus localization (30 -31) but the constitutive expression of Cav-1 in nucleus is difficult to interpret. This cell type-specific constitutive Cav-1 nucleus localization might be due to some uncharacterized different localization signals, which requires further investigation. Moreover, though our present study has suggested that nucleus-localized Cav-1 is critically involved in regulation of certain gene transcription, further studies also are required to demonstrate the additional physiological functions of Cav-1 in nucleus and the underlying molecular mechanisms.
Cav-1 has been shown to play important roles in a number of human diseases; however, whether the role of Cav-1 in these diseases is due to its regulation of cellular antioxidant capacity through Nrf2 requires further investigations, probably depending on how importantly oxidative stress plays a role in the pathogenesis of the diseases. Apparently, Cav-1 knock-out mice being more resistant to hyperoxia-induced acute lung injury (18, 19, 22, 34) should due at least in part to the enhanced antioxidant capacity. It has also been reported that genetic loss of caveolin-1 confers dramatic protection against atherosclerosis (37), and this function of Cav-1 deficiency might also be linked to the increased antioxidant capacity, as antioxidants are well recognized to exert protective effects in atherosclerosis (1, 38) .
In conclusion, the present study represents an initial effort to demonstrate that Cav-1 functions as a spontaneous inhibitor of Nrf2 in both cytosol and nucleus, thereby suppressing its transcription activity and attenuating subsequent cellular antioxidant capacity. These results also suggest that activation of the Nrf2 pathway through its CDM mutation may represent an effective genetic approach against oxidative stress-induced human diseases.
